In this study it has been shown that major changes in solute rejection can occur when the solute is part of a multicomponent system instead of a binary system. The effect of changes in the thermodynamic activity of the solute on its rejection has been studied.
Introduction
Ultrafiltration is a technique which finds an increasingly wider application in industrial processes. Considerable research effort has been performed to describe the solute transport during ultrafiltration. However, this research mainly focused on the trans-*Corresponding author. Fax: +31 26 366 5108. 1Present address: Akzo Nobel Central Research, RTA, EO. Box 9300, 6800 SB Amhem, The Netherlands.
0376-7388/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. PII S0376-7388(97)00 153-1 port of a single solute through a membrane. In industrial applications the solutions to be filtered are often a complex mixture of various components. The interaction of different solute molecules can strongly influence the rejection of a single component.
Although Strathmann [1] already mentioned in 1973 the possible increase in rejection of other components in the presence of a deposit of a fully rejected component, relatively few data are available on the solute rejection in multicomponent systems. Nakao [2] and Kimura [3] both observed an increase in low molecular weight solute rejection by ovalbumin and poly(vinyl alcohol) layers during ultrafiltration. During the filtration of enzymes Kerkhof [4] observed an increase in rejection of a colour component with pressure, which was ascribed to the formation of a secondary membrane. In two recent studies Mochizuki separately investigated the effect of BSA adsorption [5] and BSA deposition [6] on the rejection of a polydisperse mixture of dextrans for open microfiltration membranes. The adsorption of BSA occurred preferentially in the largest pores causing a rise in dextran rejection compared to that of the clean membrane. The protein deposit also increased dextran rejection depending on solution pH, ionic strength, and salt composition. Meireles [7] studied the effect of protein fouling on the rejection characteristics of low molecular weight cut-off ultrafiltration membranes. For 10 kDa membranes the dextran rejection coefficients were not affected, but a significant increase in rejection was found for 40 kDa membranes. The influence of the presence of open and compact deposit layers on the rejection of other solutes has been discussed by van Oers [8] . It was shown that compact deposit layers caused an increase in rejection, whereas open deposit layers led to a decrease of the rejection to almost zero.
Besides adsorption and gel layer formation, other effects can influence the rejection in a multicomponent system. Papamichael and Kula [9] observed for the combined filtration of PEG and BSA, besides an increase in PEG rejection, a decrease in PEG rejection compared to the rejection on a clean membrane. They suggest that this might be explained by the interaction of PEG and BSA. According to Busby [10] proteinprotein interactions can interfere with the attempts to separate proteins by ultrafiltration. Tam [11] has shown that solute-solute interference in the solution can also occur using data for the rejection characteristics for a five-component mixture of poly(ethylene glycol)s versus that for a single component solution. The higher rejection of a component in the mixture was ascribed to the hindered movement of the smaller solutes caused by the presence of the larger solutes. Bozzano [12] found that the permeation of proteins was lowered in the presence of poly(acrylic acid) due to a complexation reaction.
Finally, charge effects can also play a role in ultrafiltration. Wesselingh and Vonk have shown that negative NaC1 rejections can occur in the presence of BSA [13] due to Donnan exclusion, similar to the observed effects during nanofiltration [14] .
To obtain a better understanding of the interaction of solutes the mutual influence of the components on their rejections has been investigated for several model systems [15] . In this paper we will focus on a model system with uncharged components, in which no deposit layer is formed on the membrane surface. Starting from the Stefan-Maxwell description of transport it will be shown that even without the presence of a deposit layer on the membrane surface, the addition of another component can be affected by changes in the gradient of the chemical potential as a result of different thermodynamic behaviour due to the presence of another component. Besides the thermodynamic behaviour the friction between the components can also result in a change in rejection. The possible influence of these phenomena has been studied for combinations of poly(ethylene glycol) (PEG)/dextran/water as a model system. Both PEG and dextran form only a polarization layer on the membrane; no deposit layer is formed under the experimental conditions used [15, 16] . Especially in the case of dextran the extent of the concentration polarization can be considerable. Since the PEG/dextran/water system shows demixing into two liquid phases the solutes mutually influence their thermodynamic activities to a considerable extent [17] .
In order to be able to interpret the flux and rejection in the ternary system the thermodynamic behaviour has been modelled by UNIQUAC and the Linearized Quasi-Chemical Approach (LQCA). In the experimental part the permeate flux for the ternary system will be discussed first. Subsequently, the rejection in the ternary system will be evaluated and compared with the PEG and dextran rejection in the binary systems. An explanation in terms of changes in the values of the activity coefficients will be presented.
Theory

Transport model
For the present study it is imperative to use a description of the mass transport in which the driving force for mass transport is not the gradient of the concentration or the mole fraction of a component, but the gradient of the chemical potential of the components. The generalized Stefan-Maxwell equations fulfil this requirement. In these equations transport is described in terms of intermolecular friction. The driving force exerted on a species is counteracted by the friction with all the other species present in the system. The friction between two species is assumed to be proportional to their relative amounts and to the differences in velocities.
During ultrafiltration a polarization layer can occur in front of the membrane. In case electrical effects can be neglected the Stefan-Maxwell equation for the polarisation layer reads:
It is assumed that interactions only occur in the solution itself; no interactions with the membrane surface are taken into account for the polarization layer. In our case we assume that the solution remains fluid throughout the polarization layer so that VP is equal to zero and therefore not incorporated in Eq. (1). If, however, one of the species forms a gel or precipitate adjacent to the membrane, a force is transmitted from the membrane to this species and a hydrodynamic pressure gradient will develop within the concentrated layer [18] .
Several authors have applied the Stefan-Maxwell equations to transport in membranes or in porous media [18] [19] [20] [21] [22] [23] [24] . Some consider the membrane as a homogeneous phase, others see the membrane as a porous, heterogeneous phase. Van Oers [15] has made a detailed derivation of both the homogeneous and the heterogeneous description, since inconsistencies seem to occur in the texts as the result of the unclear definitions of the concentrations, fluxes and velocities. Some authors add a viscous term to the equations, others do not. It is the aim of this paper, however, to focus on what these models have in common, rather than to comment on the differences.
For a system in which no body forces are present Lightfoot [ 18] , for instance, describes the transport in a membrane by:
in which the superscript " is added to stress that mole fractions and concentrations are local values (averaged over the pore cross-section) based on the liquid phase inside the pores, thus based on the open volume fraction c of the membrane and the flux N is based on the total membrane area, as it is in Eq. (1). The mole fraction of partly rejected solutes inside the membrane pores is lower than in the free solution at the membrane interface due to steric exclusion by a factor K, the steric exclusion coefficient. According to Ferry [25] : dsolute 2 in which dsolute and dpore are the diameters of the solute and the pore. The addition of a second solute may change the distribution coefficient significantly due to differences in the activity coefficient. If equilibrium is assumed at the interfaces between membrane and retentate or permeate the following equilibrium relation will hold for all components that are able to enter the pores [18] :
If the activity of Solute (1) is increased by the addition of Solute (2) and this solute is retained much stronger than Solute (1), an additional driving force for Solute (1) is created over the membrane. This is the result of the fact that the activity coefficient of Solute (1) in front of the membrane will be more augmented than in the permeate. Consequently, the distribution coefficient at the retentate side of the membrane will be larger than at the permeate side. The above-mentioned models, basically Eqs. (1)-(4) or their equivalents from the various authors, have been applied to describe protein transport [23] , ultra-filtration of a PEG/water system [15, 24] and of a PEG/potassium phosphate/water system [26] . In order to carry out calculations with the model the values of a large number of physical parameters, among which the binary diffusivities between all components, has to be known. Membrane parameters like pore size and a value for e/~-and the size exclusion coefficient and membrane diffusion coefficients have to be fitted for each component.
In case all physical parameters are not known and a quantitative calculation is impossible, the form of Eqs. (1) and (2) is not very suited for qualitative reasoning. For that purpose Eq. (1) and the various versions of Eq. (2) are better rewritten into an explicit relation for the flux of the solute, Ns, as was done before by several authors [18, 23, 27] . The only difference with these relations is that we use the total gradient of the chemical potential as the driving force for diffusion:
instead of only relating it to the activity gradient of the solute.
A few expressions for the flux will be given below for comparison to illustrate the similarity among the various versions of the transport model, both for the polarization layer and in the membrane. To keep the relations simple we restrict ourselves to binary systems in which the solvent will be denoted by the subscript w (water). We will not present the relations for the total flux since we plan to compare the experimental results for different bulk compositions at the same total flux.
Solving Ns from Eq. (1) by taking into account that Nw --Nt -Ns gives: Ns = Ntxs -CtDswXs VT,i, ln as (6) Apart from the driving force, Eq. (6) is equivalent to Fick's law. For a constant total concentration this equation reduces to the well-known equation from the polarization model [28] , again with a different driving force:
If the hydrodynamics of the cross flow over the membrane is laminar, analytical or numerical solutions can be developed, and for turbulent flow more sophisticated models may also be applied [24, 29, 30] . The right hand side of both Eqs. (6) and (7) is composed of a diffusive and convective part. Zydney [31] introduced a frictional hindrance factor in the convective part of the equation to account for the concentration dependence of the diffusivity.
For the transport in the membrane Eq. (2) reduces for a single solute system into: 
Eq. (9) differs from the equation given by Robertson, since the driving force is taken differently. According to the hydrodynamic model [32, 33] the transport in the membrane is described by:
dCs"
oz We would replace the driving force in Eq. (10) by the gradient of the chemical potential.
Eqs. (8)- (10) are composed of two terms which could, like in the polarization layer, be denoted as a convective and a diffusive term. The only difference between the equations is the type of coefficients by which these terms are expressed. The analogous expressions for the solute flux in single solute systems of Mason [27] and of Kerkhof [24] are also of the same form but with different parameters in the coefficients for the convective and diffusive contributions. It was shown that the parameters from the various models can be translated in each other [15, 27] .
To summarize: all above-mentioned relations have in common that the solute flux can mathematically be attributed to two differently weighed terms: a con-vective and a diffusive transport term, of which the latter is govemed by the gradient of the chemical potential. This concept of the transport in the polarization layer and in the membrane may be used in a qualitative interpretation of filtration data in which a strong variation of activity coefficients occurs.
The chemical potential gradient is the driving force for the diffusive part of the transport as can be seen from Eqs. (6)- (10) . In the case the diffusive transport is in the same order of magnitude as the convective transport caused by the pressure gradient, the mutual thermodynamic interaction between the components can play a significant role in the transport and therefore the rejection of the components. Changes in the activity due to interaction of added components will also lead to a change in the equilibrium at the solution/membrane interface (Eq. (4)), thus giving rise to a possible change in rejection. A change in rejection can even be observed if the diffusive flux is of minor importance. Depending on the circumstances both a decrease and increase in rejection can be observed compared to the binary system, as will be confirmed by experiments and discussed in Section 4.
Thermodynamic activity of components in polymer solutions
To be able to describe the thermodynamic behaviour in multicomponent solutions the UNIQUAC model, derived by Abrams and Prausnitz [34] was used. This model has been applied by Kang and Sandler [17] to predict demixing curves for PEG/dextran/water systems. Our interest is not to predict the demixing curve, instead, it is to describe the thermodynamic activity of the components in the homogeneous solution. The model presented here is a simplified model which does not take the molecular weight distribution of the polymers into account. (For the extended model with molecular weight distribution, see Kang and Sandler [35] .) First, a general description of the model is given. Subsequently, the model is applied to the PEG/dextran/water system. The UNIQUAC model is composed of two parts: a combinatorial contribution and a part which describes the intermolecular forces responsible for the Gibbs free energy of mixing.
The activity of component j in an n component system can be represented in terms of the mass fractions by the following relationship [17] : (11) in which the various quantities are defined as follows:
rj'wj Oj' -qj'wj (12) ~J' --E~:I rk'wk E~=, qk'wk
The parameters r/and q/for the various components can be calculated as shown by Fredenslund et al. [36] . The activity coefficients may be evaluated based on This requires that the activity for the polymers calculated by Eq. (11) is corrected for the activity coefficient found at infinite dilution.
Thermodynamic activities in a PEG / dextran / water system
The thermodynamic activities in a PEG/dextran/ water system have been modelled with the UN1QUAC model. In Table 1 the values for the volume parameters r/and the surface area parameters q/for PEG, dextran and water are given as provided by Kang and Sandier [17] .
For the ternary PEG/dextran/water system six interaction parameters should be fitted to the experimental data. The polymer-water interaction parameters are determined from osmotic pressure data 
The molality mpE~ is expressed in [mol(kg solvent)-l]. Eq. (17) is valid for CpE~ < 100 kg m -3 and Eq. (18) for CeEG < 70kgm -3. The osmotic pressure of PEG1000 is higher than that for PEG3400 at a given mass fraction. The osmotic pressure for dextran T70 has been measured by Wijmans et al. [28] :
This relationship is valid for Cdex < 260 kg m -3 at 298 K. As a first approach it is assumed that the fitted polymer-water interaction parameters are also valid for concentrations higher than those for which osmotic pressure data are available. This assumption is necessary to be able to calculate the activities for the highly concentrated demixing phases.
For two phases in equilibrium, the chemical potentials of each component are equal in both phases: /z~ = #~i. If for several mixtures the mass fractions of the components of two coexisting phases are known, the polymer-polymer interaction parameters A~2 and A21 can be determined using this condition. The polymer-water interaction parameters derived from binary data are assumed to be valid in the ternary system.
The polymer-polymer interaction parameters have been fitted to experimental demixing data from the literature for the PEG3400/dextranTT0/water system [38] . Since the interaction parameters in the UNIQUAC model are based on a unit area of interacting surface, these parameters should apply for all poly(ethylene glycol)s and dextrans, independent of the molecular weight, provided that the molecules are linear and their conformations are equal to those for the PEG3400/dextranT70/water system. According to Kang and Sandier [17] , low molecular weight PEG molecules (Mn < 1.0 × 104) are likely to be similar in structure. Although dextran is not stretched out in solution but behaves almost like an ideal coil, it may suffice that dextran has the same conformation in both systems. In that case the statistical weights of contact sites along the chain may be similar. Based on these assumptions the polymer-polymer interaction parameters for PEG1000 and dextranTT0 have been taken to be equal to the interaction parameters for PEG3400 and dextranTT0, since no experimental demixing data are available for the PEG1000/dextranT70/water system.
In Table 2 the fitted interaction parameters are given for PEG1000, PEG3400, dextranTT0 and water. Their values will be discussed later. The experimental and fitted osmotic pressures of PEG3400 and dextranT70 are depicted in Fig. l(a) and (b) , respectively. ) shows that the description of the UNIQUAC model for PEG3400 is excellent, while the osmotic pressure of dextranT70 is somewhat underestimated at the highest mass fractions.
The interaction parameters Awater,PEG for PEG1000 and PEG3400 in Table 2 seem inconsistent. Their sign is opposite, whereas these interaction parameters are expected to be equal according to the same considerations as presented above for the polymer-polymer interaction parameters. This is the result of a strong correlation between the parameters Ajk and Ak:. A range of combinations between these parameters for every set of components results in almost identical values for the activities of the three components. Illustrative in this respect is the fact that although the water-polymer interaction parameters for PEG3400 and PEG1000 are totally different, the osmotic pressure of PEG1000 can be predicted very well by means of the polymer-water interaction parameters of PEG3400.
The UNIQUAC model which is based on a lattice model, assumes that six interaction parameters are necessary to describe a ternary system. In cases in which only interaction energies between nearest neighbours are relevant and no steric interactions take place, no more than three independent interaction parameters can be defined in a lattice model for a ternary system [39] . Kang and Sandier [40] indeed reported a strong correlation between the polymerpolymer interaction parameters Ajk and Akj. According to our calculations for the UNIQUAC model, the polymer-water interaction parameters Ajk and Akj are also correlated. Therefore, an altemative model is considered which assumes that the interaction between each pair of components can be described by one interaction parameter instead of two. This model, the Linearized Quasi-Chemical Approximation (LQCA), consists of three parts [41] . The first part represents the combinatorial contribution. The second part is an entropic nearest segment connectivity correction. This statistical correction accounts for the fact that polymer segments are connected to each other and cannot be located independently of each other on an arbitrary site in the solution. The last part describes the intermolecular forces which are responsible for the mixing enthalpy.
Comparison between the results obtained with both models shows that they both fit a similar relationship between the osmotic pressure and the mass fraction. According to Fig. l(a) no difference in osmotic pressure for both models is found for PEG3400. Fig. l(b) illustrates that at low mass fractions the osmotic pressure of dextran according to the LQCA model is slightly lower than that for the UNIQUAC model; at higher mass fractions the situation is reversed.
Our main interest is the activities of the polymers in the solution. The activity coefficients have been calculated relative to the values for the natural logarithm of the activity coefficients at infinite dilution: -966.68 for dextranT70 and -93.73 for PEG3400. In the relevant concentration ranges ln('Y~G) is a linear function of the mass fraction, whereas ln(7~tx) shows a more than linear increase with mass fraction (see Fig. 4(a) and (b) ). The mutual influence of PEG and dextran on the activity coefficients will be discussed in Section 4. The differences between the two models lead to a maximum difference of about 5% in the In for dextranT70 at a mass fraction of 0.25. The description of the PEG activity is equivalent for both models.
We have chosen the UNIQUAC model for the calculation of the thermodynamic behaviour in this paper.
Experimental
Model components
Use was made of two types of poly(ethylene glycol)s: PEG1000 (Janssen), PEG3400 (Aldrich) and dextranT70 from Sigma Chemical. The molecular weights are 1000, 3400 and 70000 Da, respectively. The water used for the experiments was deionized water filtered through the Milli-Q-system of Millipore (resistivity = 18 megaohm-cm). In Table 3 some physical properties of the various model components are given.
The molecular weight measurements have been performed in the laboratory of Pfennig and Gaube, Technische Hochschule Darmstadt. The experimental set-up and method used for these measurements were described by Connemann [44] .
Membranes
The ultrafiltration experiments in the stirred cell were performed with asymmetric YM5, YM10 and YM30 membranes (Amicon) having a MW cut-off of 5000, 10 000 and 30 000 Da, respectively. The structure of the YM10 membrane has been studied by Sheldon [45] . [42] . b van der Linden [37] . CGranath [43] .
Apparatus and methods
Stirred cell
The flux and rejection measurements were carried out in a stirred batch cell (Amicon, type 2000A). The internal diameter of the cell is 14 × 10 -2 m. The barlike stirrer has a diameter of 12 × 10 -2 m. The effective area of the circular membrane is equal to 144 x 10 -4 m 2 according to Amicon. The volume of the total permeate section between the bottom of the membrane and the liquid outlet has been determined with a displacement experiment and is equal to 27 × 10 -6 m 3.
Since electrochemical measurements showed [16] that the mass transfer coefficient varies from the centre of the membrane towards the edge, similar cells were built with the possibility of collecting the permeate in two separate streams [16] . The membrane area connected with the inner permeate section was 72 x 10 -4 m 2, the area connected with the outer section was 88 × 10 -4 m 2. The experiments on the YM5 and YM10 membranes were carried out in a cell with one combined permeate collection, those on YM30 were performed with separate permeate collection.
Both cells were pressurized with nitrogen gas and the temperature was controlled by a thermostat. The temperature was maintained at 298 K. The feed solution was preheated before being added to the cell. The permeate was collected in a time-based fraction collector to be able to take samples from the various fractions for concentration analysis. The amount of permeate per time was determined gravimetrically.
Permeate flux and rejection measurements
The feed solutions were prepared by dissolving weighed quantities of the components in water. Prior to filtration, samples were taken from the bulk solutions for concentration analysis. The bulk concentration was always 10 kg m -3, unless stated otherwise. After the working temperature was established the system was pressurized. The permeate was collected in fractions as a function of time.
To be sure that all liquid present in the permeate section prior to filtration was removed, permeate samples were taken from two subsequent fractions after 100 ml of permeate was collected. If the pressure was varied during the experiment, the first 100 ml of permeate collected after the pressure jump were not used for concentration analysis. In calculating the rejection of a sample the time lag for the permeate to reach the sample collector after passing through the membrane was taken into account. At the end of the experiment the system was depressurized and a retentate sample was taken.
The flux and rejection for the ternary system PEG/dextran/water system have been determined in two types of experiments: 1. By concentrating a PEG/dextran/solution at constant pressure. The concentrating experiments were performed at a constant pressure of 200 kPa. 2. By changing the pressure at constant PEG and dextran concentration. In the dead-end stirred cell the retentate was a little concentrated during filtration at constant pressure. In order to be able to measure the influence of pressure at the same concentration, the permeate was returned to the retentate after depressurizing the cell. Subsequently, a bulk sample was taken and a new pressure was set. The same procedure was followed for all pressures. The initial bulk concentration was varied by adding the appropriate weight of dextran to a solution with an initial PEG concentration of 10 kg m -3. The PEG concentrations used for the calculation of the observed PEG rejection in the ternary system have been expressed as kg PEG m -3 (PEG + water), which excludes the amount of dextran present in the solution. Due to this definition the observed rejection is equal to zero, if all PEG permeates through the membrane.
Concentration analysis
The solute concentration in the samples was determined by HPLC (High Performance Liquid Chromatography). A Bio-SIL SEC 250 guard +column (Biorad) was used to separate PEG and dextran. Deionized water filtered through the Milli-Q-system was used as an eluent. The concentrations were determined by a refractive index detector (LKB, 2142). A standard solution with a known quantity PEG was alternately analyzed with the samples. The samples were measured in duplicate and the deviation between both measurements was 1-3%.
Results and discussion
Flux in ternary system
The osmotic pressure of a binary dextran/water mixture is far lower than that of a PEG/water system of equal mass concentrations. Under filtration conditions, however, the osmotic pressure of dextran at the membrane surface is much higher due to a higher rejection and a lower diffusivity of dextran. The flux in the ternary PEG/dextran/water system (Fig. 2) is therefore mainly determined by the presence of dextran as was to be expected, since the flux for the binary dextran system is much lower than the one for the binary PEG system. The presence of PEG causes a small additional decrease in flux. The osmotic pressure in the ternary PEG/dextran/water system is considerably higher than in the binary dextran/water system (Fig. 3 , the solid lines will be discussed in Section 4.3). Due to PEG-dextran interactions the ternary osmotic pressure is higher than the addition of the two binary osmotic pressures. Besides a rise in osmotic pressure the activities of both components are also increased by their mutual presence (Fig. 4(a) and  (b) ). This increase causes an increased back-diffusion of PEG and dextran to the bulk solution, which results in a lower concentration at the membrane surface for both components. The combination of both effects is a slight decrease in flux for the filtration conditions used for the experiments with PEG and dextran depicted in 
Negative PEG rejections due to thermodynamic interactions with dextran.
The rejection has been measured for dextranT70 with PEG1000 or PEG3400 and 2 different membranes. In Fig. 6 a typical result is given In the same figure also the rejection for PEG1000 without the presence of dextran is presented. To obtain comparable values for the permeate flux these rejections have been measured at lower transmembrane pressures. It is very important to compare the observed rejection at the same flux instead of at the same pressure, because the concentration polarization is determined by both the flux and the mass transfer coefficient and the actual rejection is a function of the flux (especially in the low flux region). Comparison of these results with the rejection in the ternary system shows that at high fluxes in the range of 2 x 10 -6 to 6 x 10 -6 m s -1 (which corresponds to low dextran concentrations) the presence of dextran causes the PEG rejection to increase from 0.1 to 0.2. Decreasing the flux by concentration of the dextran in the PEG/dextran solution results in a decrease in PEG rejection. At fluxes below 1 x 10 -6 m s; 1 the rejection becomes negative. Even values as low as -0.9 have been measured. It should be kept in mind that the rejection is based on concentrations in which only the amount of PEG and water are taken into account.
Rejection measurements for PEG1000 with a YM5 membrane also showed a strong decrease in PEG rejection in the presence of dextran compared with the rejection without dextran (Fig. 7) . In this case a decrease in PEG rejection occurs over the entire flux range in contrast with the increase in the rejection, which has been observed at higher fluxes for YM 10. In both Figs. 6 and 7 the variation in stirrer speed does not show a clear influence on the relationship between the rejection and the permeate flux.
The decrease in PEG rejection in the presence of dextran has also been found for PEG3400/dextranT70 on the YM5 membrane. An explanation for the negative rejection values is presented below.
Negative values for the PEG rejection imply, even more if they are calculated with concentrations based on kg PEG (volume PEG -t-water)-1, that the permeate concentration is larger than the bulk concentration. In other words, due to the presence of dextran the transport of PEG through the membrane is promoted to such extent that the permeate concentration reaches even higher values than the bulk concentration. According to the film model, the convective transport in the polarization layer is equal to v. CpEG, b at the interface between bulk and film, which is in this case lower than the solute flux in the permeate v -CpEG, p. Besides convective transport, diffusion must occur in the direction of the membrane in order to explain the high PEG concentrations in the permeate. The diffusional transport of PEG is thus opposite in direction compared to the normally encountered situation. This means that the presence of dextran should cause an extra driving force for PEG transport through the membrane besides the pressure gradient.
The presence of dextran at the retentate side of the membrane strongly increases the activity coefficient of PEG. Due to the high rejection of dextran the activity coefficient of PEG in the permeate is close to one. Therefore, a large difference in PEG activity exists between both sides of the membrane which causes considerable diffusion flux through the membrane. Especially at low fluxes where diffusion in the membrane is predominant the influence on the rejection is the most pronounced. Negative rejections can only be achieved if the PEG activity in the bulk solution is higher than in the permeate solution, in spite of the higher PEG concentration in the permeate. The higher the dextran concentrations, the stronger the increase of the diffusive flux of PEG through the membrane. In this experiment high dextran concentrations and low fluxes go together which reinforces the decrease in PEG rejection.
To estimate whether the increase in the PEG activity coefficient in the presence of dextran is indeed sufficient to cause the augmented PEG transport in the polarization layer and the membrane a simplified calculation of the activity profiles has been performed. The conditions used for the calculation are bulk concentrations of 10 kg m 3 PEG1000 and 173 kg m -3 dextran, a flux of 4.8 x 10 -7 m s 1 and an observed rejection of -0.34. These values for the observed rejection and flux have been measured experimentally for these bulk concentrations on the YM10 membrane.
Since no data on Stefan-Maxwell diffusion coefficients for PEG and dextran are available in the literature, a more simplified description is applied to obtain an indication of the activity gradient over the membrane. As a first estimate it is assumed that the concentration profile of dextran is hardly affected by the low concentrations of PEG and the concentration profile has been calculated from binary dextran/ water measurements. From the dextran profile in the polarization layer (calculated with the film model: C = Cp + (Cb --Cp)exp(v/km)) the activity coefficients for PEG can be found. The diffusion coefficient of PEG has been taken constant and equal to the bulk diffusivity without correction for the presence of dextran. The results of the calculation, which are depicted in Fig. 8 , show that the activity of PEG1000 is indeed higher in the bulk and in the polarization layer than in the permeate, which means an additional driving force due to a difference in thermodynamic activity between both sides of the membrane. The activity profile in the polarization layer has a negative gradient which indicates a positive diffusion in the direction of the membrane. Since the activity coefficient of PEG increases in the direction towards the membrane due to the higher dextran concentrations near the membrane surface, the gradient in mass fraction is even more negative than that for the PEG activity. In this example the loss in driving force in the polarization layer is small compared to that in the membrane.
Increase of PEG rejection in the presence of dextran
In the experiments discussed above the flux was varied by concentrating the PEG/dextran/water solution. The rejection in the ternary system has also been studied at constant bulk concentrations of PEG6000 and dextranT70 at various pressures. The solutions were filtered through a YM30 membrane which is more open than the membranes used for the concentration experiments. Therefore, higher fluxes could be reached during filtration. The bulk concentrations of dextran in these experiments were 10kg m 3 and 50 kg m -3. These values were relatively low compared to the highest concentrations reached in the concentrating experiments. In this way the influence of PEG-dextran interactions could also be studied in the high flux region. In Fig. 9 (a) and (b) the PEG rejection is presented as a function of the flux for two dextran concentrations in the inner and outer section, respectively. As a comparison the PEG rejection is also given without dextran present. Remarkable differences between the PEG rejection in the presence and absence of dextran have been found. The observed PEG rejection in the presence of dextran shows a strong increase with the flux, whereas the PEG rejection in the binary system remains equal or even decreases. The PEG rejections for the two different dextran concentrations do not appear to coincide on one curve as a function of flux as is the case of the concentration experiments at constant pressure. Moreover, the PEG rejections in the inner and outer section are very similar at each pressure for each of the two bulk concentrations, although the flux differs considerably between the two sections. This indicates that the observed PEG rejection is more related to the pressure difference than to the filtration flux. Another feature is the increase of the PEG rejection for the highest pressures compared to the PEG rejection for the binary system at the same flux. The influence of both thermodynamic effects and friction effects on the rejection behaviour in the ternary system is discussed below. The interaction can take place in the polarization layer, at the membrane surface and in the membrane pores.
Thermodynamic effects
As we have seen for the concentrating experiments dextran can strongly influence the thermodynamic activity of PEG, especially at high dextran concentrations. Therefore it is interesting to know the value of the dextran concentration at the membrane surface for the various pressures applied. In the ternary system it is not possible to derive one value of the dextran concentration at the membrane surface from the osmotic pressure, as can be done for the binary dextran/ water system. However, if the experimental osmotic pressure is derived from the osmotic pressure model:
~/pRm using experimental values for v, 0p and R m and as a first assumption ~r = 1, a range of combinations of PEG and dextran concentrations can be determined by means of the UNIQUAC model which all yield that value for the osmotic pressure. The osmotic pressure in the permeate has been neglected compared to the osmotic pressure at the membrane surface. These combinations of PEG and dextran concentrations can be read from Fig. 3 for the transmembrane pressures of 30, 75 and 200 kPa for a bulk concentration of 10 kg m -3 dextran and 10 kg m -3 PEG in the inner permeate section. From Fig. 3 the concentration at the membrane surface lines is projected into Fig. 4 (a) and (b) as the solid lines to be able to obtain an indication of the corresponding PEG and dextran activities. The values of the activity coefficients of PEG at the membrane surface are considerably higher at 200 kPa, "~ff~6 = 65-240, than at 30 kPa, -yff~ = 1.8-7.8, as a result of the higher dextran concentrations at the membrane surface (Fig. 4(a) ). According to Eqs. (5)- (9) this implies an extra driving force for back diffusion in the polarization layer as well as for diffusion through the membrane (cj.ln('7~c) at 200 kPa is larger than at 30 kPa). This will result in a lower PEG concentration at the membrane interface if AP = 200 kPa. The resulting lower PEG concentration in the polarization layer will decrease the convective transport -first RH term in Eq. (6) -towards the membrane, thus leading to a further decrease in the PEG concentration at the membrane interface. The interface concentration may even get lower than the bulk concentration and still provide back diffusion to the bulk due to the strong gradient of ln('y~c) in the polarization layer as a result of the increasing dextran concentration from bulk to membrane interface. The further reduction of the PEG interface concentration at AP = 200 kPa will result in a reduced transport of PEG through the membrane -and thus in a higher retention of PEG -compared to the situation with a lower AP or without dextran present.
Another possibility could be that due to the thermodynamic interactions demixing of the PEG/dextran/ water system in a dextran-rich and a PEG-rich phase occurs at high concentrations at the membrane surfaces. However, the dextran-rich phase would have almost the same composition as the demixing solution and only a small amount of PEG-rich phase would be formed. Therefore, permeation of the dextran-rich phase would not alter the picture. The permeation of a PEG-rich phase would increase the permeate concentration which is in contradiction with the experimentally observed increase in rejection.
Friction effects
Besides effects due to the change in thermodynamic activity the PEG transport can also be influenced by friction between dextran and PEG. The increase in dextran concentration with increasing pressure could cause a stronger friction between PEG and dextran in the polarization layer during the transport towards the membrane. This may lead to a higher PEG rejection. The fact that at high fluxes the PEG rejection for the YM10 membrane (Fig. 6 ) also increases in the presence of dextran indicates that the difference in dextran concentration in the bulk and at the membrane surface is important. For the YM5 membrane, where the dextran concentration at the membrane surface is lower due to the lower permeate flux, such an increase was not found. The increased PEG rejection in the presence of dextran at higher pressures could be the result of hindrance of the passage of a PEG molecule through the pore. The observed dextran rejections increase with increasing pressure, leading to a higher dextran concentration in the pore (see Fig. 10 ). However, dextran rejection for 50 kg/m 3 dextran varies only between 0.81 and 0.71 for 50 to 200 kPa, whereas the PEG rejection shows a considerable increase. Also, at a given pressure the dextran rejections differ for the inner and outer sections, whereas the PEG rejections are nearly equal.
From the above discussed explanations for the increase of PEG rejection in the presence of dextran, the increase in PEG activity coefficient and the friction in the polarization layer due to the presence of dextran are in accordance with the effect of the pressure on the PEG rejection. Demixing and hindrance in the pore cannot explain the observed rejections.
Dextran rejection in the presence of PEG
The addition of PEG to the dextran solution caused a small decrease in dextran rejection compared to the dextran rejection in the binary system at the same flux (see Fig. 10 ). This can be understood as follows. In the presence of PEG the dextran concentration at the membrane surface is lower at the same flux because the ternary osmotic pressure is higher than the binary osmotic pressure (see Fig. 3 ). Without the presence of PEG a lowering of the dextran concentration would imply a strong decrease in dextran activity which would result in an increase in the observed dextran rejection. This lower concentration at the membrane surface is compensated by the increase in activity coefficient of dextran in the presence of PEG. According to the experimental rejection these counteracting effects result in a slight increase in permeate concentration and a minor decrease in the dextran rejection. In Fig. 4(b) it can be seen for the lines at equal osmotic pressure that despite the presence of PEG, ln(7~etx) slightly decreases in the presence of PEG due to the lower dextran concentration. Given the uncertainties in the thermodynamic model (originating from the demixing data) one may assume that a small rise in dextran activity coefficient compared to the activity coefficient in the absence of PEG might be possible.
Conclusions
Solute interaction can strongly influence the rejection of the components during ultrafiltration. Rejection measurements on YM5 and YM10 membranes show a decrease in PEG rejection if dextran is added to the PEG solution. This effect can be qualitatively explained by the influence of dextran on the thermodynamic activity of PEG. The strongest decrease in PEG rejection has been found for low fluxes where diffusion is predominant and the dextran bulk concentration is the highest. Under these conditions the rejection of PEG can even become strongly negative which means that the concentration of PEG in the permeate is higher than in the bulk solution. Due to the additional driving force of the activity gradient, more PEG permeates through the membrane than the amount of PEG transported towards the membrane by pressure-induced convective transport.
At high flux conditions for a low resistance membrane PEG rejection shows an opposite behaviour: a considerable increase in rejection which might be the result of the much higher activity coefficient of PEG at the membrane surface compared to the one in the bulk solution due to the strong concentration polarization of dextran. The friction between PEG and dextran molecules due to the strong concentration polarization of the dextran molecules may also contribute to the increase in PEG rejection.
The results in this paper clearly indicate that multicomponent phenomena, especially thermodynamic interactions, can have a strong impact on the observed rejection and are certainly worth being considered in multicomponent systems. Increased transport of small components by addition of large thermodynamically interactive components is a phenomenon which might be used advantageously for the simultaneous concentration and purification of solutions. 
